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Abstract The literature contains many proposed
methods for proportioning alkali-activated binders for
maximum compressive strength. Many of these
methods have been developed using metakaolin,
which is a relatively pure aluminosilicate powder. In
recent years, fly ash has become a more common
aluminosilicate source for alkali activation. However,
fly ash is a more complex material than metakaolin,
and activated fly ash may not follow the same trends as
activated metakaolin. In this study, literature-recom-
mended strength prediction methods for alkali-acti-
vated binders, using metakaolin and fly ash, are
reviewed and compared with the compressive
strengths measured for eight Class F fly ash-based
binders made by activation with sodium hydroxide
solution. Of the eight fly ash binders in the study, six
had correct performance predictions considering SiO2/
Al2O3 and Na2O/Al2O3 optimal ratios developed for
metakaolin. A published empirical equation devel-
oped to predict alkali-activated fly ash concrete
strength correctly predicted relative strengths for six
of the eight fly ash binders. Modifier element content
is another possible indicator of reactivity, and the fly
ashes in this study generally showed that fly ashes with
high contents of Ca2?, Mg2?, Na?, and K? were likely
to produce strong binders, although the correlation
shown here was not as strong as that shown in prior
studies. This work demonstrates that, while the
proposed prediction methods are generally adequate,
they do not cover all fly ashes and more work is needed
improve prediction methods and account for the
behavior of outliers.
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1 Introduction
Alkali-activated binders, which include the subset of
materials known as geopolymer cements, are cement-
ing materials that require the addition of alkalis in
order to react in the presence of water and can be used
in place of ordinary Portland cement in concrete
construction [40]. Although development of alkali-
activated binders began in the early half of the 20th
century [41] and was continued in the early 1970s by
Glukhovsky [28], the development of alkali-activated
aluminosilicate geopolymers in the late 1970s came
from the need for new construction materials that were
strong, durable, and non-flammable [14, 44]. Since
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then, geopolymers have moved into the forefront of a
search for green building materials since they can be
made with waste materials such as fly ash from coal
burning power plants.
Designing geopolymer mixtures is dependent on
mixing the appropriate activator with an aluminosil-
icate powder at an optimum ratio; however, deciding
on an appropriate activator, activator concentration,
and optimum proportioning ratio is not straightfor-
ward. Several methods have been reported in the
literature for proportioning geopolymers including
some in which several key ratios of constituent oxides
are calculated [5, 12, 19, 20, 27, 43] and some in which
a fixed solution-to-powder ratio is used [1, 24, 36, 45].
These methods are most often the result of testing
geopolymers made from metakaolin, but the relatively
consistent composition of metakaolin in terms of its
inter-particle composition and composition of differ-
ent lots of material means that the same mixture design
techniques may not apply to fly ash based geopoly-
mers, which are much more varied from particle to
particle and lot to lot. A method to effectively
proportion fly ash-based geopolymers for optimum
property development is on the critical path for
implementation of these materials.
In the work presented here, we reviewed the
literature to compile the most promising proportioning
methods for both metakaolin-based and fly ash based-
geopolymers. The use of metakaolin-based recom-
mendations for proportioning was necessitated by the
higher proportion of the literature that has studied this
material and made recommendations on its raw
material proportions. The effectiveness of these
methods in predicting the relative compressive
strengths for eight fly ash-based geopolymers acti-
vated with sodium hydroxide was evaluated.
2 Background
One of the most common methods of proportioning
geopolymers is based on targeting specific oxide ratios
in the material components. For example, the ratio of
the aluminum and silicon constituents in a geopolymer
is known to affect its properties greatly including
compressive strength, flexural strength, and micro-
structure. [7, 12, 21, 27]. Further, the ratio of the
alkalis to the aluminosilicate framework elements is
also important to the property development of the
material [20, 21]. The literature includes a wide range
of recommended molar ratios for use in proportioning
the mixture, which are summarized in Table 1 for both
metakaolin- and fly ash-based geopolymers.
While one can assume that all of the oxides in
metakaolin are soluble in alkaline solution (albeit at
varying rates), one cannot make the same assumption
for fly ash since it contains a variety of soluble and
insoluble crystalline and glassy phases. For fly ash, it is
best to calculate molar oxide ratios of the reactive
portion only of the fly ash, which can be approximated
in a variety of ways, typically through chemical tests
[25] or using x-ray diffraction (XRD) to quantify non-
reactive crystalline phases [10, 48]. The non-crystal-
line portion is also called the bulk glassy phase in the
material and is generally assumed to be reactive for the
purposes of molar oxide ratio proportioning [31].
However, it does not does not fully describe the
availability of the elements contained in the glassy
material to dissolve in solution (nor the kinetics of
dissolution), the minor elements contained in the
material, or the presence of unburnt carbon or sulfate;
thus, use of the ratio proportioning method for alkali-
activated fly ash design must be used with these
caveats.
The ratio method of proportioning geopolymers
typically includes optimizing the SiO2/Al2O3, (Na2O
or K2O)/Al2O3, H2O/Na2O, and/or Na2O/SiO2 ratios
in a mixture. The SiO2/Al2O3 range recommended to
form a metakaolin geopolymer with a desirable
microstructure and strength has been suggested as
2–24, admittedly a wide range, with a ratio of 16
resulting in the highest measured crushing strengths
[27]. Other studies examining varying SiO2/Al2O3
ratios in metakaolin geopolymers have shown opti-
mum ratios in the range of 2.0–4.3 as shown in Table 1
[5, 43, 48]. For fly ashes, these values are somewhat
different. It was reported in a study on high-calcium
fly ash geopolymer that the SiO2/Al2O3[4.3 resulted
in decreased compressive strength [12]. Similarly, for
Class F fly ashes with equivalent vitreous silica, it has
been reported that higher amounts of vitreous alumina
resulted in improved reactivity of the fly ashes when
activated as geopolymers, suggesting that low SiO2/
Al2O3 values are preferable [26].
The Na2O ? K2O to alumina ratio has been
recommended to be approximately equal to 1, since
the alkali charge balances the aluminosilicate tetrahe-
dra in geopolymer gel, which is negatively charged due
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to the inclusion of aluminum [5, 33, 36, 42]. It has also
been reported that too much sodium (i.e. a high Na2O/
Al2O3) can increase carbonation at the surface of the
geopolymer and, therefore, the sodium oxide content
should be minimized to be approximately equal to the
amount of alumina for that reason as well [5].
Given the limited degrees of freedom in the system,
the sodium oxide to silica ratio is often simply reported
rather than optimized. For a given SiO2/Al2O3 ratio,
and Na2O/Al2O3 ratio in a geopolymer, the sodium
oxide to silica ratio is not further changeable. How-
ever, it is typically low, at approximately 0.25–0.3 as
reported in the literature [5, 13, 27, 43].
The use of solution-to-solid precursor (metakaolin
or fly ash) ratios may be used to proportion the
geopolymers based on adequate workability of the
slurry [1, 24, 36, 45]. The use of water-solids ratios
may also be used for proportioning, in which the
dissolved solids in the solution are considered part of
the solids content of the material. Like in portland
cements, excess water present in the geopolymer
mixture negatively influences the hardened geopoly-
mer properties such as microstructure, porosity and
strength development, so it must be minimized [5, 45].
Conversely, water is necessary to facilitate the reac-
tions between activator and aluminosilicate powder
and to make the cement flowable, so the need for water
must be balanced by its negative effect on late age
properties [39]. Heah [30] reported that a kaolin-based
geopolymer cement required a liquid-to-solid ratio of
1.0 to develop the highest strength, while Al Bakri
et al. (1) reported that an activator-to-fly ash ratio of
0.4 maximized geopolymerization in a fly ash-based
geopolymer paste. The viscosity of the activating
solution increases with increasing dissolved sodium,
potassium and/or silica in the activating solution, but
increased viscosity also leads to increased liquid
demand in the geopolymer [11, 23]. Therefore, a
disadvantage of the solution-to-precursor method of
proportioning is that there may be a certain level of
trial-and-error testing necessary to determine whether
the proportions chosen result in suitable rheological
properties for the mixture and hardened properties in
the reacted geopolymer.
Another approach to proportioning geopolymers is
to develop empirical prediction equations based on
full-factorial testing of a range of materials, relating
independent variables to a dependent variable such as
strength. One such method has been proposed by Diaz
Loya et al. [16, 17] to evaluate the suitability of fly
ashes for alkali-activation based on the vitreous
content of the ashes, the loss on ignition, and the
mean particle size. This method was developed after
testing of geopolymer concretes made using sodium
hydroxide and sodium silicate activator, which were
cured 24 h at 23 C, 72 h at 60 C, and 24 h at 23 C,
for a total of 5 days. The compressive strength results
were then used to develop the relationship between the
properties of the fly ash used and the compressive
strength of the geopolymer concrete. The relationship
between the inputs of the equation was refined using a
step-wise regression analysis.
Table 1 Literature review of favorable molar oxide ratios in geopolymers
Study Aluminosilicate source SiO2/Al2O3 Na2O/SiO2 H2O/Na2O Na2O/Al2O3 M2O*/Al2O3
Davidovits [13] Metakaolin 4.0 0.25–0.28 16–17.5 – 1.0–1.14
Barbosa et al. [5] Metakaolin 3.3 0.25 10 *1.0 –
Rowles and O’Connor [43]** Metakaolin 2.83 0.32 – 0.92 –
Duxson et al. [20] Metakaolin 2.15 – – – –
Fletcher et al. [27] Metakaolin;
q-alumina
2 and 16 0.3 11 0.88 and 5 –
Duxson et al. [19, 21]** Metakaolin 1.87 – – – –
Williams and van Riessen [48] Class F fly ash
and metakaolin
2.0 – – 1.0 –
Chindaprasirt et al. [12] Class C fly ash 3.20–3.70 – – – –
Results summary 2.0–4.3 0.25–0.32 10–17.5 Alkali to alumina
ratio should be *1
* M2O = Na2O ? K2O
** Indicates that the reported value was calculated from elemental ratios given by the original authors
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The relative amount of network modifying ele-
ments (Ca2?, Mg2?, Na?, K?) present in Class F ash
has also been used previously as an indicator for
geopolymer compressive strength. These elements
primarily play a charge-balancing role by balancing
the negative charge of tetrahedral aluminum, allowing
the aluminum to take on 4-coordination, which has
greater solubility than the 6-coordination that it would
otherwise take [22]. If additional network modifiers
are available after balancing tetrahedral aluminum, the
remaining network modifying elements tend to alter
the glass structure of fly ash by bonding with oxygen
atoms, preventing the oxygen atoms from forming a
bridge between adjacent SiO4 tetrahedra. The pre-
sence of these non-bridging oxygen (NBO) atoms also
increases the fly ash reactivity [16, 22].
Duxson and Provis [22] developed a ternary
diagram based on relative amounts of silica, alumina,
and network modifier. By compiling results of fly
ashes tested in several previous studies, they found
that compressive strength generally increased with
network modifier content, although a direct compar-
ison of quantitative results was not possible since the
data were sourced from studies with a wide range of
experimental conditions. Oh et al. [37] examined the
correlation between material properties of six Class F
fly ashes and resulting geopolymer compressive
strength and concluded that network modifier content
was the best predictor of geopolymer performance of
the properties tested, with the result that compressive
strength plotted against network modifier content had
an exponential curve with R2 = 0.952.
Since one of the primary roles of the network
modifying elements is to balance the negative charge of
aluminum tetrahedra, the sum of charges is used to
quantify the network modifying capacity. The total
network modifier content is then 2Ca2? ? 2 Mg2? ? -
Na? ? K? and as this value increases, so does the
capacity to balance negatively charged tetrahedral
aluminum and to increase disorder by disallowing
oxygen atoms to bridge adjacent tetrahedra. In addition
to comparing the network modifier directly to strength,
the ratio of non-bridging oxygen atoms per tetrahedron
(NBO/T) has also been used to predict geopolymer
strength. This approach was first taken by Bumrongja-
roen et al. [8] to predict reactivity of fly ash used as a
supplementary cementitious material in high-perfor-
mance portland cement concrete and has since been
used to predict the reactivity of fly ash used in
geopolymers by Diaz-Loya et al. [17]. The NBO/T
ratio is calculated by subtracting the content of alumi-
num and iron from the total network modifier content
(because network modifying elements will balance
charges in Al3? and Fe3? tetrahedra before bonding
with oxygen to form NBO) and dividing the result by the
number of silicon, aluminum, and iron atoms (the atoms
that form tetrahedra). Diaz-Loya et al. [17] found a
relatively strong linear fit (no R2 value provided)
between geopolymer compressive strength and fly ash
NBO/T for 38 high-calcium fly ashes.
The study presented in this paper was designed to
assess the compressive strength development of
geopolymers made with eight Class F fly ashes and a
single concentration of sodium hydroxide solution and
to use the results to critically evaluate literature
proportioning and property-prediction methods. Prop-
erties including oxide analysis (by x-ray fluorescence),
crystalline composition and bulk glassy phase/vitreous
composition using XRD coupled with Rietveld ana-
lysis, loss-on-ignition, and particle size distribution
were measured for each fly ash. The results were
compared to the recommendations in the literature for
proportioning geopolymers with high strength.
3 Materials and methods
Eight Class F (ASTM C618-12, [3]) fly ashes from the
United States were selected for this work. The eight fly
ashes represented a variety of compositions while all
being classified as Class F by ASTM C618. The oxide
contents of the fly ashes provided by the manufactur-
ers are given in Table 2. Three fly ashes (BBR, CC,
and LEGS) were selected due to their general simi-
larity to fly ashes that were found to perform favorably
as geopolymers in research on Australian fly ashes
[35]. The AT fly ash was selected for its high alkali
content. BC was selected due to its near-zero calcium
content, and the FO fly ash and ML fly ash were chosen
for their relatively low calcium contents.
3.1 Particle size analysis
The particle size distributions of the ashes were measured
using a Spraytec laser particle size analyzer by Malvern
Instruments and Spraytec software. A small quantity of
the fly ash was weighed and mixed with degassed
isopropyl alcohol (99 % purity) before testing. The fly
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ash/isopropyl mixture was poured into the machine, and a
stirrer kept the fly ash suspended as the mixture was
pumped through the measurement chamber. Each fly ash
was tested once for particle size analysis.
3.2 X-ray diffraction & rietveld analysis
Each fly ash was subjected to XRD testing using a
Siemens D500 diffractometer operated at 40 kV and
30 mA. The scans ranged from 15 2h to 65 2h with step
size 0.02 2h and a 6 s dwell time. Zincite (ZnO) was
used as an internal standard for XRD quantitative
analysis [6, 18]. The zincite was interground with the
fly ash at 10 % of the mass of the sample [32] using an
agate mortar and pestle and a small amount of ethanol as a
dispersant. Beginning with an accurate starting model of
the XRD pattern, a refinement was completed to
accurately calculate the amount of phase in each of the
specimen [50]. Using the known mass percent of the
internal standard, the data were renormalized to calculate
the amount of crystalline and bulk amorphous phases.
In this study, three separate samples of each ash were
scanned and quantitatively analyzed by Rietveld ana-
lysis using the TOPAS Academic software package, and
the results were averaged. The bulk oxide amounts were
then corrected to reflect ‘‘vitreous’’ amounts of the oxide
by subtracting the amount of the phase contained in
crystalline phases from the bulk oxide content.
3.3 Compressive strength of geopolymer mortars
Mortar cubes were made for compressive strength
analysis of all eight fly ashes mixed using the same
activator, proportions and curing regime. The activating
solution used was 8 mol/L NaOH solution. The mortars
were proportioned following the solution-to-powder (s/p)
method after Ferna´ndez-Jime´nez et al. [24]. Other
authors have since used this proportioning method, as
reported in the introduction. The mortar cube preparation
method given in ASTM Standard C109 (ASTM C
109-09, [2]) was followed (with some modification) for
mixing, placing, and curing the specimens. The s/p ratio
(by mass) was not determined individually for each fly
ash as suggested in ASTM C109 for water-to-cement
ratio (w/c) determination. Rather, an s/p that was
appropriate for all eight fly ashes was determined through
trial mixing small amounts of mortars until a mixture that
was not too dry and not too runny was obtained for all
eight ashes. This s/p value turned out to be 0.485 (by
mass), the same as that recommended in ASTM C109 for
use in portland cement mortars. Keeping a constant s/p
was done in an effort to compare fly ashes mixed with the
same amount of sodium hydroxide solution. The ratios of
the relevant constituent oxides were then calculated for
each mix for comparison to literature values. The
geopolymers were cured at room temperature (23 C)
to remove the effects of heat on the reaction with the
alkaline activator. In addition, while ASTM C109
recommends that portland cement mortars should be
removed from the molds at 1 day, this was determined
too short an interval for most fly ash-based geopolymers
cured at 23 C, so the mortars remained in their molds for
7 day, covered, in a 23 C 100 % RH fog room. Finally,
instead of storage in limewater, the mortar cubes to be
tested at 28 day were patted surface dry, placed in sealed
plastic bags, and stored in a room at 23 C. One set of
Table 2 Oxide analysis (mass%) provided by manufacturer
Oxide AT (mass%) BC (mass%) BBR (mass%) CE (mass%) CC (mass%) FO (mass%) LEGS (mass%) ML (mass%)
Al2O3 21.6 30.5 18.4 16.4 21 25.1 17.8 19.9
SiO2 47.7 55.8 48.4 54.1 48.2 59.4 54.1 54.8
CaO 12.3 1.2 14.1 11.2 12.8 5.6 10.7 9.4
Fe2O3 4.2 4.6 7.9 6 4.9 5.6 7.7 8.7
K2O 0.9 2.3 1.1 1.9 1.2 1 1.4 1.1
MgO 2.7 0.7 2.2 4.1 3.4 0.9 2.3 2.4
Na2O 1.9 0.3 0.6 1.2 1.5 0.2 0.5 0.6
SO3 1.2 0.1 0.4 0.6 0.3 0.4 0.4 0.5
TiO2 1 n/a 1.2 1 1 1.1 1.2 n/a
LOI 0.8 2.4 0.5 0.2 0.8 0.2 0.1 0.1
The oxides do not sum to 100 % due to unreported elements in small amounts
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three mortar cubes was made for testing at 7 and 28 days
for each of the eight fly ashes.
4 Results and discussion
4.1 Particle size distribution
The cumulative particle size distribution for the fly ashes
is plotted in Fig. 1. The d10, d50, and d90 values for each
fly ash are presented in Table 3. These data were used as
inputs in the model of Diaz-Loya et al. [16].
4.2 Crystalline and bulk glassy phase composition
The crystalline phases were identified for each fly ash,
and all identified were assumed to be essentially inert
in alkaline solution [19]. To determine the amount of
each bulk oxide that was present in vitreous form, the
crystalline phases were subtracted from the bulk oxide
composition of the fly ash. The vitreous amounts of
each of the three major constituents of the fly ash,
alumina, calcium oxide, and silica, are presented in
Fig. 2, with the remaining vitreous oxides summed as
‘‘other vitreous.’’ The total amount of vitreous mate-
rial in each fly ash can also be read from this plot, and
ranged from 60 to 90 mass%.
4.3 Measured compressive strength
The measured compressive strengths of geopolymer
mortar cubes are presented in Fig. 3. At 28 days, the
different reactivities of the fly ashes with the activating
solution (8 mol/L NaOH) were apparent by differences
in the compressive strengths of the geopolymers. From
these results three categories were devised for descrip-
tive purposes of the geopolymer performance after
curing at 23 C: for compressive strength over 10 MPa
the geopolymer was considered strong, for compres-
sive strength of 5–10 MPa the geopolymer was
considered moderately strong, and for compressive
strength under 5 MPa the geopolymer was considered
poor. It is worth noting that these strengths are low
compared to most concretes, and stronger geopolymers
can be produced through optimization of the constit-
uent materials and/or heat curing. However, the goal of
this study was to compare fly ash reactivities with
identical proportioning and curing conditions and
Fig. 1 Particle size distributions for all eight fly ashes
measured by laser PSD
Table 3 Tenth (d10), fiftieth (d50), and ninetieth (d90) per-
centile particle sizes for the eight fly ashes in this study
Fly ash d10 (lm) d50 (lm) d90 (lm)
AT 2.5 15. 8 54.1
BC 5.9 31 84.2
BBR 2.9 29.3 158.5
CE 1.2 8.6 46.4
CC 0.5 6.3 73.6
FO 4.0 29.3 100
LEGS 1.8 18.5 116.6
ML 0.7 10 63.1
Fig. 2 Vitreous content of the fly ash shown as network-
forming oxides
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without the addition of heat or aqueous silicate. Direct
comparison of strength values between studies is
misleading because of varying experimental condi-
tions, so the categories of strength were used to
compare predicted performance to measured perfor-
mance. These strengths are compared to the predicted
strength performance in the following sections.
4.4 Molar oxide ratio comparison to literature
recommendations
The molar vitreous oxide ratios calculated for each fly
ash are presented in Table 4. The ranges of molar
SiO2/Al2O3, Na2O/SiO2, and Na2O/Al2O3 ratio values
suggested by the authors cited in Table 1 are given for
reference. The amount of sodium oxide for these
calculations was calculated based on a mortar made
using 8 mol/L NaOH and a 0.485 solution-to-powder
ratio, including the Na2O contribution from both the
fly ash and the activator. The Na2O source in these
geopolymers was primarily from the activating solu-
tion, since sodium in the fly ashes was present only
between 0.15 and 4.2 mass% Na2O, as measured in
oxide analysis (Table 1). The ratio methods described
earlier sometimes described the alkali component as
‘‘M2O,’’ which is either Na2O or K2O or their sum. In
this work the Na2O was used, and the K2O, which was
contained in the fly ash in very small amounts, was
neglected.
The vitreous molar constituent ratios for SiO2/
Al2O3 of all eight fly ashes revealed that those that fell
within the recommended range from the literature
were AT, CC, LEGS, and ML. Geopolymers made
with these fly ashes were all designated as strong based
on the compressive strength results, except for LEGS,
which was moderately strong. The two fly ashes that
made poor geopolymers had very high amorphous
molar SiO2/Al2O3 ratios of 4.99 (BC) and 7.2 (FO),
which were well above the recommended value of 4.3.
However, the CE fly ash had a high molar SiO2/Al2O3
of 5.52 and was found to make a strong geopolymer, so
close but not strict agreement was found between the
literature-recommended vitreous phase silica to alu-
mina ratios and strength.
The alkalis in the system are also known to affect
the properties of hardened geopolymer cements, and
the recommended ranges for ratios containing alkali
oxide were reported in Table 1. Two activated fly
ashes had Na2O/Al2O3, which should be around 1.0,
that fell outside of the bound. The FO fly ash
geopolymer had a high Na2O/Al2O3 of 1.64 and it
had low compressive strength at 28 days, as would be
expected. The CE fly ash had a Na2O/Al2O3 of 1.23,
which was high relative to the recommendations, but
its 28 days compressive strength placed it among the
strong geopolymers. This could mean that for some fly
ashes, being above the recommended sodium oxide to
alumina ratio is acceptable. However, all of the cubes
exhibited a slight amount of efflorescence at 28 days,
so the excess sodium may not have been chemically
incorporated into the gel, resulting in a lower sodium
oxide to alumina ratio in the gel. From another
perspective, the BC geopolymer contained nearly
Fig. 3 28 day compressive strength for fly ashes activated with
8 M NaOH solution at a 0.485 solution-to-powder ratio and
cured at 23 C (n = 3, error bars denote high and low values)
Table 4 Molar ratios of for 0.485 solution-to-powder geo-
polymer mixtures made with 8 M NaOH solution (bold, itali-
cized values indicate that they are outside of the recommended
range)








AT 3.79 0.27 1.01
BC 4.99 0.2 0.99
BBR 4.84 0.21 1.02
CE 5.52 0.22 1.23
CC 3.64 0.28 1.04
FO 7.2 0.23 1.64
LEGS 4.24 0.25 1.05
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exactly the recommended value of Na2O/Al2O3;
however, the BC geopolymer performed very poorly
when activated, gaining no measurable compressive
strength. BC also had a high SiO2/Al2O3 and high LOI,
both of which may have been determining factors of its
measured compressive strength when activated as a
geopolymer. All of the fly ashes were within the
recommended sodium oxide to silica composition
ranges, which should be between 0.25 and 0.32, as
shown in Table 1. As previously mentioned, this value
is no longer changeable when the SiO2/Al2O3 and
Na2O/Al2O3 are fixed.
In general, proportioning fly ash geopolymers using
recommended oxide ratios adequately allows for
optimization of geopolymer compressive strength,
particularly when using vitreous SiO2/Al2O3. For the
fly ashes studied here, some mixtures that fell outside
of the recommended ranges performed poorly, as
expected, while others performed well, as expected.
Geopolymers made from LEGS fly ash performed
slightly worse than predicted based on vitreous SiO2/
Al2O3, while the CE geopolymer behaved better than
predicted based on both SiO2/Al2O3 and Na2O/Al2O3.
It is likely that there are other factors superseding the
molar oxide ratios that determine strength in these
outlier fly ashes. One possible explanation for this
result, is in the recognized fact that there are multiple
glassy phases within a fly ash sample [10, 15, 31, 34],
and these glasses can react differently when exposed to
caustic solutions [4, 9]. Further, the method of
examining oxide ratios neglects the role of particle
size in determining geopolymer performance.
4.5 Compressive strength predictions based
on an empirical model
The empirical equation developed by Diaz-Loya et al.
[16] to determine relative compressive strengths of
geopolymer concrete was applied to the fly ashes in this
data set to validate the predictive equation. The results
are plotted in Fig. 4, with the normalized calculated
strength predictions (y axis) compared to the normal-
ized measured strength values (x axis) for each fly ash
(at 28 days). The strengths are normalized to the
strongest geopolymer for each data set. A line with
slope of 1 shows the line of equality. In all cases the
scaled predicted strength from the empirical equation
was higher than the measured strength, which was
expected due to differences in the material tested
(concrete vs. mortar), the activator (waterglass vs. no
waterglas, water-solids ratio), and curing conditions
(heat cured vs. ambient cured). However, the general
trends in relative strengths are noted and discussed
here. If one assumes that scaling effects have skewed
the data toward higher predicted strengths than mea-
sured strengths, the most obvious deviations in mea-
sured strength from predicted strength are the BC and
BBR geopolymers. The strength of the BBR geopoly-
mer is under-predicted and the strength of the BC
geopolymer is over-predicted. The BC geopolymer
was predicted to have compressive strength similar to
the CE and LEGS geopolymers, but the BC geopoly-
mer did not develop any compressive strength by
28 days. Conversely, the BBR geopolymer produced
the highest measured compressive strength in mortars,
but was predicted to have a lower compressive strength
than most of the others.
The results showed that while six of the eight of the fly
ashes were correctly predicted to have good compressive
strengths, some of the fly ashes were outliers to the method
developed by Diaz-Loya et al. [16]. The inputs to the
equation, vitreous contents of the main network-building
constituents (SiO2, Al2O3, and CaO), LOI, and d50, were
ranked by theauthors in termsof weighting in the equation,
with the result that the d50 was the strongest indicator of
high strength, followed by the vitreous alumina, the LOI,
the vitreous silica, and finally the vitreous lime. Therefore,
fly ashes with very coarse d50 sizes would be expected to
have lower strengths, especially if they also had low
vitreous alumina (the second strongest indicator of
Fig. 4 Predicted compressive strengths for geopolymer con-
cretes following Diaz-Loya et al. [16] compared to measured
compressive strengths of geopolymer mortars (MPa)
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strength). The three coarsest fly ashes (based upon d50) in
this study were BC, BBR, and FO. Of these fly ashes, the
FO had the lowest vitreous alumina in the study and was
correctly predicted to have the low strength. The BC had a
moderate amount of vitreous alumina, but it had overall
low total vitreous content, which led to its low predicted
strength. This observation points out a flaw in the methods
that examine contents and ratios of vitreous oxides: all
vitreous content in the ash, including the total (as shown in
Fig. 3), should also be addressed, not just the relative
valuesof a fewoxides. TheBBR was correctly predicted to
have relatively high strength despite its large particle size,
although it was under-predicted for its measured strength.
Its under-prediction was likely due to the weighting
applied to the d50 particle size in the equation, which would
have reduced its predicted strength.
In general, the equation developed by Diaz-Loya
et al. [16] performed well in predicting the performance
of these fly ashes as geopolymers, but there were some
deviations from the predictions that require further
investigation. The over and under-predicted fly ashes
may have factors that influenced their actual behavior
that were not accounted for optimally in the predictive
equation. For example, the strength of BC may have
been over-predicted because the equation only
addresses the content of certain vitreous oxides, not
the total vitreous content (Fig. 3). BBR may have been
under-predicted because of the relative weighting given
to particle size in the equation compared to other factors.
4.6 Network modifier content
Network modifier content is expressed as an atomic
percent and was determined by converting oxide
weight percentages (obtained from XRF) to oxide
molar ratios and then to element atomic ratios. The
network modifier content is taken as the sum of
charges, or 2Ca ? Na ? K ? 2 Mg (see Table 5),
since the elements with a ?2 charge have twice the
capacity to balance the negative charges- of tetrahe-
dral alumina.
Duxson and Provis [22] developed a classification
system for geopolymer aluminosilicate source material
based on the contents of silica, alumina, and combined
network modifiers based on charge-balancing capacity
(2Ca2? ? 2 Mg2? ? Na?, ? K?). A recent RILEM
state-of-the-art report [38] presents a ternary diagram
with data compiled from various previous studies,
ranking the relative strength of geopolymers produced
from each fly ash. Data for the Class F fly ashes from
the RILEM report are presented in the ternary diagram
in Fig. 5 with the eight ashes from this study overlaid as
well (shown in black). It should be noted that in the
ternary diagram, elements other than Si, Al, Ca, Mg,
Na, and K are not included and the compositions were
normalized accordingly. As a result the network
modifier contents in the ternary diagram differ slightly
from those in the direct comparisons, which include all
of the elements measured in the oxide analysis.
The three ovals on the diagram show general
compositional regions where fly ashes from the
previous studies as well as this study produced
geopolymers of low, medium, and high strength. The
divisions between regions are not precise, but there is
an obvious trend of fly ashes with higher network
modifying agents producing stronger geopolymers
and the fly ashes from this study align well with the
previous data. The only exception is the LEGS fly ash,
which had moderate measured strength but is pre-
dicted on the diagram to have high strength.
Figure 6 shows the measured compressive strength
of each geopolymer as a function of the fly ash
network modifier content, following the method
developed by Oh et al. [37]. Values varied between
8.03 and 41.7 %, and, as expected, strength generally
increased as network modifier content increased. An
exponential curve was fit to the data with R2 = 0.761
(the BC fly ash had a strength of 0 and so was omitted
Table 5 Fly ash elemental atomic composition of network modifiers obtained from XRF
Element (atomic%) AT BC BBR CE CC FO LEGS ML
Ca 13.2 1.3 15.4 11.7 13.6 5.8 11.5 9.9
Mg 4.0 1.1 3.3 6.1 5.1 1.4 3.5 3.6
Na 3.7 0.5 1.3 2.2 2.9 0.3 0.9 1.2
K 1.1 2.9 1.5 2.3 1.5 1.2 1.8 1.4
2Ca ? Na ? K ? 2 Mg 39.3 8.0 40.1 40.2 41.7 15.9 32.6 29.6
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from the exponential fit). The degree of fit between
compressive strength and network modifier content
from this study was not as strong as that obtained by
Oh et al. [37], which had R2 = 0.952 when plotted on
an exponential curve. The difference in degree of fit
may be attributed to the differences in s/p ratio (0.485
in this study versus 0.6), activating solution concen-
tration (8 vs. 5 and 10 M), and curing temperatures (23
vs. 30 and 60 C), as well as a wider variety of fly ash
compositions examined in this study. The obvious
outlier on this curve is the ML fly ash, whose strength
is under-predicted and one could consider that BBR is
slightly under-predicted while LEGS is slightly over-
predicted.
The ratio NBO/T is another way to express the
effect of fly ash network modifiers on geopolymer
strength [17] and assumes that any network modifiers
that are available after charge-balancing tetrahedral
Al3? and Fe3? will prevent oxygen bridges from
forming, which increases the reactivity of the fly ash.
The highest possible value for NBO/T is 4 and implies
that no tetrahedra are oxygen-bridged, but typical
values for fly ash are much lower. A negative value
indicates that not all of the Al3? and Fe3? are charge-
balanced by network modifiers and therefore no
network modifying elements remain to prevent oxy-
gen from bridging neighboring tetrahedra. In this case,
the unbalanced aluminum takes on 6-coordination
which has lower reactivity compared to the 4-coordi-
nation aluminum that is formed in the presence of
sufficient charge balancing cations [22]. Figure 7
presents the average 28-day geopolymer compressive
strengths versus fly ash NBO/T (calculated using bulk
oxide contents from XRF analysis). Values of NBO/T
ranged from -0.329 to 0.220 and there was generally
an increase in compressive strength as NBO/T
increased, as expected. A linear trend line was fit to
the data with R2 = 0.715. The fly ashes that fall
furthest from the line are the ML and BBR, which are
under-predicted, and the LEGS and CE, which are
over-predicted.
The network modifier content and NBO/T as
described in this section are closely related in that
they are both metrics used to quantify the relative
amount of alkali and alkali earth metals present in fly
ash. While both methods demonstrated a general trend
Fig. 5 Ternary plot showing the relationship between geo-
polymer compressive strength and fly ash oxide composition,
based on the diagram presented by RILEM report chapter 4
(shown in gray) and the 8 additional fly ashes of this study
(shown in black)
Fig. 6 Geopolymer paste
28-day compressive
strength as a function of fly
ash network modifier
content
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of increasing geopolymer compressive strength with
increasing fly ash network modifiers, neither fit is
strong enough to merit the use of network modifier
content alone as a basis for a precise prediction of
compressive strength. For both the network modifier
content and NBO/T ML and BBR produced geopoly-
mers with higher strengths than expected, and LEGS
produced a geopolymer with lower strength than
expected.
One complicating factor in understanding the
mechanism by which network modifiers impact com-
pressive strength involves the various roles calcium
can play to impact geopolymer performance. As
discussed earlier, calcium can function as a network
modifier by balancing the negatively charged tetrahe-
dral aluminum or by disrupting oxygen bridges
between silicon tetrahedron, either of which leads to
a more reactive fly ash. However, calcium present in
fly ash can lead to calcium bearing hydrate phases such
as calcium silicate hydrate (C-S-H), the primary
portland cement hydration product, and calcium
aluminosilicate hydrate (C-A-S-H), both of which
also contribute to compressive strength [19, 46, 49].
Furthermore, Yip et al. [49] found that calcium
hydroxide formation becomes more favorable than
the formation of C-S-H and C-A-S-H in the pre-
sence of sufficient alkali hydroxides. Therefore, while
analyzing a fly ash with higher calcium content, it is
not straightforward to determine whether the
improved strength is result of the calcium acting as a
network modifier or a result of the formation of
calcium bearing hydrate phases.
5 Discussion
All of the methods examined for predicting geopolymer
strength were adequate for proportioning alkali-acti-
vated fly ash with the predictions being accurate for the
majority of the fly ashes examined in this study. The
molar oxide ratio methods correctly predicted strength
for all but two fly ashes, LEGS, which was slightly over-
predicted and CE, which was under-predicted. The
SiO2/Al2O3 ratio was a better predictor than the Na2O/
Al2O3 ratio. Using an empirical model to predict
strength based on chemical and physical characteristics
of the fly ash [16] also correctly predicted relative
strengths for most of the fly ash, with the notable
exceptions of highly over-predicting the strength of the
BC geopolymer and slightly under-predicting the
strength of the BBR geopolymer. Selecting fly ashes
based on network modifier content, through placement
on a ternary diagram [38], use of an exponential
fitted curve [37], or a linear fit using NBO/T [17] are
also adequate methods with good property prediction
for the majority of fly ashes in this study. Interest-
ingly, the LEGS fly ash geopolymer strength was
also over-predicted when plotting network modifiers
on a ternary phase diagram. However, the exponen-
tial fit method correctly predicted the LEGS geo-
polymer strength and under-predicted that of ML and
BBR. Similarly, the NBO/T method over-predicted
LEGS and under-predicted ML and BBR.
It should be noted that the trends observed in this
study are for one specific set of experimental condi-
tions, notably a constant activating solution and
Fig. 7 Geopolymer paste
28-day compressive
strength as a function of fly
ash NBO/T
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ambient curing. Previous studies have evaluated the
effect of curing temperature [29, 47] and proportion-
ing (i.e. activating solution-to-powder ratio) [1, 29] on
geopolymer compressive strength and it is possible
that higher curing temperatures or alternate materials
proportioning could influence the accuracy of the
predictive methods studied here.
Given that these methods all did an adequate job of
predicting performance in this study, it appears that
they are examining appropriate factors in the fly ash
and the activating solution. However, given that there
are several outliers in the small data set examined in
this study, each method seems to be missing a critical
part of the puzzle that would take the guess-work out
of proportioning alkali-activated fly ash and facilitate
field implementation. The results of this critical
evaluation suggest that a method that accounts for
both physical aspects of a fly ash, such as particle size,
compositional aspects of the fly ash, such as network
modifier content, minor element content, and vitreous
content, and compositional aspects of the system, such
as molar oxide ratios, could provide better prediction
results. Further, a better understanding of the glassy
phases in fly ash and their relative solubilities in
alkaline solution would also serve to clarify discrep-
ancies in fly ash behavior.
6 Conclusions
The study presented in this paper compared the
measured compressive strengths of geopolymers
mixed with 8 M NaOH solution and cured at 23 C
with the predicted properties of a geopolymer using
several methods reported in the literature. Following
are conclusions to be drawn from these data:
• The use of vitreous SiO2/Al2O3 ratios to predict
strength correctly assigned six of the eight fly
ashes and was a better predictor than the Na2O/
Al2O3 ratio. In the cases where molar oxide ratios
failed to predict performance, the reasons may be
related to factors that are not accounted for in this
method, including particle size, total vitreous
content, and composition of the vitreous phases.
• The use of the equation developed by Diaz-Loya
et al. [16] for predicting geopolymer compressive
strength was appropriate for six of the eight fly
ashes. The authors’ process of refining the equa-
tion showed that the d50 particle size and the
vitreous alumina content of the raw material were
the two strongest indicators that a fly ash will have
good compressive strength as a geopolymer. The
relative weighting of the parameters, especially
particle size, and the consideration of total vitreous
content merit more investigation.
• The use of network modifier content (either
directly or by using NBO/T) demonstrated a
general trend with regards to geopolymer com-
pressive strength but should not be used alone to
form precise predictions of strength since it does
not account for total vitreous content, the distribu-
tion of network modifiers among the glassy phases
present, the contribution of calcium toward C-S-H
or C-A-S-H binding phases, or particle size.
In order to properly predict the strength of alkali-
activated fly ash, it is clear that more information is needed
about the fly ashes and thegeopolymers that they form, and
this information should be incorporated into prediction
models. Most of the strength prediction methods only take
into account limited aspects of the fly ash and/or the fly
ash-activator system. A combined method that accounts
for both physical and chemical aspects of the material is
warranted, including both particle size and vitreous
composition. However, it should be noted that even these
types of analyses may come up short if they neglect to
account for the distribution of oxides within the distinct
glassy phases that make up each fly ash, which are known
to have different reactivities, and if they neglect the role of
calcium in forming hydrated phases distinct from the
geopolymer network. It can be summarized that we
currently have the ability to adequately predict the relative
strengths of alkali-activated fly ash, but more work is
needed to develop truly accurate prediction models.
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